Introduction

50
Successful transfer of genetic information from one generation to the next is essential for all 51 organisms. The mechanism for this transfer in most sexually-reproducing eukaryotic species 52 is meiosis. Chromosome behavior during meiosis must be strictly controlled: in order to 53 ensure correct segregation of chromosomes into daughter cells, each chromosome must pair 54 with its homologous partner. However, homologue recognition is one of the least-well-55 understood meiotic processes (Tiang et al., 2012) . In most species, the broader process of 56 meiosis is the same: each homologous chromosome must find its partner, associate with it 57 and undergo the reciprocal "crossing-over" process of genetic exchange, creating one or more 58 physical ties (chiasma) between the chromosomes to ensure correct first division disjunction 59 (Wilson et al., 2005) . During homologous chromosome pairing, homologues are roughly 60 aligned before close-range "homology checking" and elimination of associations based on 61 repetitive DNA sequences is then thought to occur (Bozza & Pawlowski, 2008) . Although This question can be addressed in allopolyploid species that are formed when two related 70 diploid species hybridise. Polyploidy is common in many if not most plant and animal 71 species lineages (Otto & Whitton, 2000; Leggatt & Iwama, 2003; Van de Peer et al., 2009; 72 Jiao et al., 2011) . Some angiosperm families such as the Brassicaceae have undergone 73 multiple polyploidy events such that the present day species contain homeologous (that is, 74 ancestrally-related) chromosomal regions with a spectrum of sequence similarities (Fig. 1) .
75
High-resolution molecular karyotyping is now becoming feasible in non-model species with 76 the increasing availability of high-density genotyping arrays and genotyping-by-sequencing 77 (Elshire et al., 2011; Poland et al., 2012; Cavanagh et al., 2013; Edwards et al., 2013) .
78
Therefore, the stage is set for significant advances in our understanding of just how similar 79 DNA sequences have to be for homologue recognition to occur, and of how hybrids and 80 polyploids regulate meiosis when several genomic regions with different levels of sequence 81 4 homology exist. However, the analytical tools for interrogating large molecular genotyping 82 datasets to answer these questions remain under-developed.
84
In this study, we address this issue by developing a novel method that is capable of 85 interrogating large molecular karyotyping data sets to rapidly assess chromosome behavior at 86 meiosis in allopolyploid species or interspecific hybrids. This approach uses a set of simple 87 statistical assumptions (Fig. 2) to infer chromosome pairing behavior. A hybrid between two 88 species/genotypes is crossed to a third species/genotype to make a testcross, and then the from hybrids between the Brassica allotetraploid species (Fig. 3) . This analysis is supported 96 by a previous cytogenetic study of the same genotypes (Mason et al., 2010) and confirms the 97 validity of our molecular karyotype analysis pipeline, providing novel, interesting data 98 related to chromosome pairing behaviour in Brassica. 
Materials and Methods
102
Plant material and growth conditions 103 Two experimental populations were developed by intercrossing homozygous lines of three 104 allotetraploid Brassica species as described previously by Mason et al. (2012) and 105 summarised in Fig. 3 . Two to five F 1 hybrids per hybrid type (B. napus "N1" × B. juncea 106 "J1"; B. juncea "J1" × B. napus "N1"; B. juncea "J1" × B. carinata "C1" and B. juncea "J1" 107 × B. carinata "C2";) were used to generate testcross progeny; generation of the F 1 hybrids is 108 described in Mason et al. (2011) . No significant differences in allele inheritance were 109 observed between "N1J1" and "J1N1" reciprocal hybrids (B. juncea × B. 192 193 Deviation from this ratio as a result of linkage was expected to result in an excess of 194 individuals with scores of 0/0 and 1/1 due to co-segregation of pairs of alleles (Fig. 2) .
195
Deviation from this ratio as a result of segregation of the two alleles was expected to result in
196
an excess of individuals with scores of 0/1 or 1/0 (only one allele present of the pair) (Fig. 2 ).
197
A significant deviation which resulted in an excess of individuals with a score of 0/1 or 1/0
198
(one allele present for each pair) was deduced to be the result of segregation of the two alleles were generated using R software package "gplots", and linkage disequilibrium was calculated 218 using the "LD" function in software package "genetics". observed overall in C n chromosomes, and these tended to be distally located (Supplementary 323 Figure S3 ). karyotyping approach uses a set of simple genetic principles (Fig. 2) to infer chromosome 367 pairing behavior. A hybrid between two species or two genotypes is crossed to another 368 species/genotype to make a testcross (Fig. 3) , and then the resulting progeny are assessed for (Table 1) , and in general only a few convincing associations between regions of secondary 424 homeology were detected (Fig. 6) . The contrasting results of these two studies are surprising, to that observed in natural and resynthesised B. napus (Nicolas et al., 2008) . This is probably (Table 1) , and putative crossover frequency was not significantly different to 509 predictions for one crossover event per chromosome per gamete. Therefore, we predict that 
Conclusions
517
In future, as reference genome sequences for polyploid species (including Brassica crop 518 species) become available, we will have the opportunity to identify at base-pair resolution the 519 chromosomal regions initiating homeologous pairing at meiosis. We provide a simple 520 analytical pipeline that can, once whole genome sequences become available, be interrogated 521 by whole-chromosome comparative sequence analysis to deduce exactly how similar 522 genomic regions need to be to pair and segregate at meiosis. Similar approaches using our 523 analysis pipeline may also be taken in highly complex polyploid species, helping us 524 understand how chromosome pairing is controlled in complex polyploids with homeology 525 from ancient and common ancestors. C n 7 C n 8 C n 9
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